Abstract
Methods the seasonal dynamics of soil (R s ), non-litter (R NL ) and non-root (R NR ) respiration rates were measured using an automatic chamber system . Litter removal and root removal treatments were used to assess the contribution of litter and roots to belowground c production. We estimated the annual c efflux of each component of soil respiration in primary and secondary forests using a temperature-based exponential model and analyzed the impact of each component in each forest type.
Important
Findings the annual total soil c efflux was significantly higher in the primary rain forest (1567 ± 205 g c m −2 yr −1 ) than that in the secondary forest (1300 ± 70 g c m −2 yr −1 , P < 0.05). the litter, root, and mineral soils contributed 22% (349 ± 185 g c m −2 yr −1 ), 38%
(589 ± 100 g c m −2 yr −1 ), and 40% (628 ± 128 g c m −2 yr −1 ) to the total soil c efflux in primary rain forest, respectively. In secondary forest, these three components contributed 11% (148 ± 35 g c m −2 yr −1 ), 45% (572 ± 259 g c m −2 yr −1 ), and 44% (580 ± 226 g c m −2 yr −1 ), respectively. the temperature sensitivity (Q 10 ) of R s (2.70 ± 0.14) in the primary forest was significantly higher than that in the secondary forest (2.34 ± 0.12), with the Q 10 values for respiration decreasing in the order of R NR > R s > R NL . these results show that the difference in litter respiration between primary and secondary forest caused the major difference in annual soil respiration efflux between these two forest types. In addition, the litter respiration is more sensitive to the soil temperature than the other soil respiration components.
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INtRODUctION
Soil respiration refers to carbon dioxide (CO 2 ) efflux that is released into atmosphere from the soil surface (Raich and Schlesinger 1992) . Soil respiration is considered to be the second largest carbon (C) efflux in terrestrial ecosystems (BondLamberty and Thomson 2010; Raich and Potter 1995) . The global soils release 60-110 Pg of C into the atmosphere each year, which is 8-12 times the C emissions from fossil fuel combustion (1 Pg = 10 15 g; Bond-Lamberty and Thomson 2010; Raich and Potter 1995; Raich and Schlesinger 1992; Schlesinger and Andrews 2000; Zheng et al. 2016) . Therefore, even a slight change in soil respiration could lead to a huge variation in the CO 2 density in the atmosphere (Bronson et al. 2008; Davidson and Janssens 2006; Schlesinger and Andrews 2000) . Accurate estimation of the soil respiration efflux and accurate identification of the controlling factors of soil respiration are very important to understand the ecosystem C cycle under global climate change (Bond-Lamberty and Thomson 2010).
There are substantial uncertainties in the estimation of annual soil respiration efflux because the soil is a complex environment (Jones and Cox 2001) . According to the different sources of CO 2 , total soil respiration could be partitioned into litter respiration, mineral soil respiration, and root respiration (Zhou et al. 2013b) . Litter respiration refers to the CO 2 released by microbes in the litter layer during litter decomposition (Zhu et al. 2012 (Zhu et al. , 2013 . Mineral soil respiration refers to the CO 2 released by microbes in the mineral soil layers during the decomposition of soil organic matter (Gallardo et al. 1994) . Root respiration shows the CO 2 released by the metabolism of plant roots (Hanson et al. 2000) , which is also known as autotrophic respiration. Existing research has shown that there are substantial differences between each component of the soil respiration efflux, and each of them has a different sensitivity to environmental factors. Therefore, it is critical considering the controlling factors of soil respiration efflux to precisely estimate the soil respiration (Hanson et al. 2000; Subke et al. 2006) .
Soil temperature is the major controlling factor of the soil respiration rate (Atkin and Tjoelker 2003) . Estimation of annual soil respiration efflux based on the relationship between the soil respiration rate and climatic factors is an extensive method in recent researches (Atkin et al. 2000; Bond-Lamberty and Thomson 2010; Zhu et al. 2015a) . By matching the exponential relationship between soil respiration rates and soil temperature, we can estimate the temperature sensitivity (Q 10 ) of soil respiration rates. Furthermore, several reports have shown that the concentration of substrate in decomposition (Högberg et al. 2001 (Högberg et al. , 2009 , soil moisture (Bowden et al. 1993) , soil nutrient supply quantity (Burton et al. 1998) , soil pH (Sitaula et al. 1995) , and microbial activity (Fisk and Fahey 2001) can also affect the soil respiration rates. Research has also shown that the limiting factor of soil respiration might be different in different ecosystems. For example, climatic factors might not be the limiting factors in mountain rain forest, where the climate is hot and humid (Zhou et al. 2013a) , while the quality of substrate in decomposition (Zhu et al. 2015b) , soil nutrient supply, physical and chemical properties of soil, and activity of decomposers might be more important for soil respiration (Epron et al. 2006; Mo et al. 2008) .
The tropical mountain rain forest on Hainan Island is composed with primary forest and secondary forest, and the former is continually degenerated to the latter mainly because of human activities. There are lots of studies on tropical forest soil respiration (Ohashi et al. 2008; Valentini et al. 2008) ; however, few have focused on the comparisons between soil respiration in the primary and secondary forests. In this study, we measured soil respiration monthly over 3 years in the Jianfengling tropical mountain rainforest on Hainan Island, and then estimated the respiration rate of each component (litter, mineral soil, and roots) to examine their contribution to the total soil respiration efflux. In addition, we discuss the differences in the controlling factors of soil respiration between primary and secondary forests.
MAtERIALS AND MEtHODS

Description of study area
The study area is located in Jianfengling tropical forest region (18°23′-18°52′N, 108°46′-109°02′E), which is located in the southwest of Hainan Island, China. The total area of the forest is about 600 km 2 , of which tropical mountain rain forest (650-1200 m a.s.l.) covers about 163 km 2 (Zhou et al. 2013a ).
Influenced by a tropical monsoon climate, the region has two seasons, wet and dry; the former starts from May to October and the latter occurs from November to April. The average temperature in the coldest and warmest months is 10.8°C and 27.5°C, and the area has an average annual precipitation of 2198 mm, which is much greater than the evaporation. The air humidity in the area retains a high level throughout the year; with a mean relative humidity of 88%, indicating a very humid climate type (Li et al. 1998; Xu et al. 2015) . The soils are mainly typical lateritic yellow soil (Jiang et al. 1991) . The rainforest has a very high biodiversity (up to 171 species per hectare) and has no particular dominant species, although species in families, Fagaceae and Lauraceae, are the most common (Fang et al. 2004) . The primary forest has never been disturbed by human activities, while the secondary forest is developed on a clear-cut (1960-70s) primary forest area. The climatic conditions of these two types of forests are similar, but their soil nutrients and species structure are quite different (Table 1) .
Measurement of soil respiration rates
We randomly established three 20 × 20 m plots in October, 2010 in the primary mountain rain forest and secondary rain forest (Du et al. 2013; Zhou et al. 2013a ). The soil respiration rates were measured using the Li-8100 Automated Soil CO 2 Flux System with a Li-8100-103 Short-term Chamber (LI-COR Inc., Lincoln, NE, USA). Six polyvinyl chloride collars (20 cm diameter) were randomly installed in each plot, four of which were 5 cm in height and were installed to a soil depth of 2 cm to measure total soil respiration rate. One of the remaining chambers was 100 cm in height and was installed to a soil depth of 97 cm to exclude plant root respiration, and the other was 5 cm in height and was installed to a soil depth of 2 cm, under a double nylon net (1 × 1 m, 2-mm mesh screen, 1 m above ground) to measure the soil respiration rate without the litter layer. The nylon net was cleaned weekly. After a settling period of approximately 400 days, we measured the soil respiration rate of every collar monthly from January 2012 to December 2014 (except the April and May in 2014, because the gas analyzer was broken). The time of measurement was approximately 8:30-12:30 a.m. in the middle of every month. On each sampling day, each collar was measured by Li-8100 for three replicates, and our data analysis and estimations were based on their mean value.
Measurement of soil temperature and moisture
While measuring the soil respiration rates, the soil temperature and moisture at a 5-cm depth were measured by sensors Soil Temperature Sensor and Li-8100-204 ML2X Soil Moisture Sensor, LI-COR Inc., Lincoln, NE, USA) connected to the Li-8100 Soil CO 2 Flux System, to develop a relationship between soil respiration rates and environmental factors. Soil temperature and moisture data at 5 cm depth were also automatically collected at an interval of 30 min using an Em50 Data Logger (Decagon Devices, Inc., Pullman WA, USA) in both forest types during the study period (Fig. 1) .
Statistical analysis
We constructed the following formula between the soil respiration rate (R, μmol CO 2 m −2 s −1
) and the soil temperature at 5 cm depth (T s , °C) measured by the Li-8100 Soil CO 2 Flux System:
where lnR is the natural logarithm of soil respiration rates, the variable R could be any soil respiration rate, such as total soil respiration rate (R s ), soil respiration rate without litter (R NL ), and soil respiration rate without roots (R NR ). The regression coefficients, a and b, were used to characterize the temperature sensitivity (Q 10 ):
We also calculated the annual soil respiration efflux. After fitting equation 1 with the soil respiration rates of each treatment in both forest types and the soil temperature, we obtained several pairs of parameters a and b. We then substituted the continuous soil temperature values collected by Em50 Data Logger into the equation and obtained the average soil respiration rates every 30 min (R t ).
For:
where
) is the soil respiration efflux and t is the time. The annual efflux of soil respiration could be calculated by integral of R t as follows:
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The difference between efflux of total soil respiration (Efflux total ) and efflux of non-litter soil respiration (Efflux NL ) Different letters indicate significant difference at P < 0.05. *Zhou et al. 2013a is the CO 2 flux released by the litter respiration (Efflux litter ). In a similar way we calculated the CO 2 flux Efflux root , which is the root respiration released by Efflux total minus Efflux NR , and the CO 2 flux released by the mineral soil respiration is the residual value:
Analysis of covariance was used to compare the differences of coefficients a and b in different soil respiration treatments and between forest types. The differences of annual soil respiration efflux between primary and secondary forest were compared using a t-test. All calculations and data analyses were conducted in SPSS 19.0 (SPSS Inc., Chicago, IL, USA).
RESULtS
Seasonal patterns of soil respiration rate
Soil respiration rates, including R s , R NL and R NR , represented large variations in the primary and the secondary forests during 2012-14 (Fig. 2) . The observed highest and lowest rates occurred in May to July and December to February, respectively. The seasonal variations of R s in the primary forest were larger than those in the secondary forest ( Fig. 2a) : the highest rate of R s in the primary forest was 7.4 ± 1.6 µmol CO 2 m −2 s −1 , which is higher than 6.0 ± 0.6 µmol CO 2 m −2 s −1 in the secondary forest; while the lowest rate was lower in the primary forest (1.7 ± 0.4 µmol CO 2 m −2 s −1 ) than in the secondary forest (2.1 ± 0.7 µmol CO 2 m −2 s −1
). Both R NL and R NR exhibited similar seasonal fluctuations to R s . R NL values were between 1.5 and 6.9 µmol CO 2 m −2 s −1 in the primary forest and between 1.7 and 5.0 µmol CO 2 m −2 s −1 in the secondary forest (Fig. 2b) . R NR values were between 1.1 and 4.5 µmol CO 2 m −2 s −1 in the primary forest and were between 1.2 and 3.8 µmol CO 2 m −2 s −1 in the secondary forest (Fig. 2c) .
The temperature sensitivity of soil respiration
Temporal variations of each treatment of soil respiration for the primary forest and the secondary forest were positively and significantly related to soil temperature but were not significantly correlated with soil moisture (Fig. 3) . Empirical exponential models explained 38% and 30% of the variability of the R s in the primary and the secondary forests, respectively. The Q 10 value of R s was estimated as 2.70 ± 0.14 in the primary forest, which is significantly higher than 2.34 ± 0.13 in the secondary forest (F = 23.4, P < 0.001). However, no statistically significant differences of the Q 10 values of both R NL and R NR were detected between the primary and the secondary forests ( Table 2 ). The Q 10 value of soil respiration decreased significantly in the litter-removed treatment, but increased significantly in the root-cutting treatment ( Table 2 ). The Q 10 values for soil respiration decreased in an order of R NR > R S > R NL , with values of 2.90 > 2.70 > 2.45 in the primary forest and 2.71 > 2.34 ± > 2.26 in the secondary forest ( Table 2) .
Contribution of each component of soil respiration efflux to annual budget
The predicted annual soil respiration efflux was 1567 ± 205 g C m −2 yr −1 in the primary forest, which was significantly higher than 1300 ± 70 g C m −2 yr −1 in the secondary forest (t = 3.1, P < 0.05; Fig. 4) . The annual C effluxes from root, litter and mineral soil respirations in the primary forest were 589 ± 100 g C m −2 yr , and 628 ± 128 g C m −2 yr −1 , respectively, representing 38%, 22% and 40% of the annual total, respectively (Fig. 4) . The corresponding effluxes in the secondary forest were 572 ± 259 g C m −2 yr , representing 45%, 11% and 44% of annual total, respectively. The annual C efflux from litter respiration was significantly higher in the primary forest than in the secondary forest (t = 3.2, P < 0.05), but there was no significant difference for the root and mineral soil respiration effluxes.
DIScUSSION
Soil respiration rates
Soil respiration rates of the mountain rain forest in Jianfengling, Hainan Island exhibited great seasonal variations (Fig. 2) . The seasonal variations of soil respiration rates can be described by Q 10 models based on soil temperature (Xu et al. 2001) . Annual soil respiration efflux in the primary forest was 1567 ± 205 g C ) was significantly lower than that in the primary forest (P < 0.05). Compared with the primary forest, the secondary forest has a lower biomass, lower soil C storage, lower litter production, and a simpler community structure (Bréchet et al. 2009; Zhou et al. 2013a) . This indicates that the primary forest has a higher concentration of substrate and higher microbial activity, which leads to a higher soil respiration rate (Wang et al. 2003) .
Contribution of each component to annual soil respiration efflux
We divided the total soil respiration into root respiration, litter respiration, and mineral soil respiration using the root-cutting and litter-removal treatments. The annual C efflux of root respiration in primary and secondary forest was 589 ± 100 and 572 ± 259 g C m −2 yr −1
, which accounted for 38% and 45% of the total annual soil respiration efflux, respectively. Root biomass is the main factor that controls the root respiration efflux (Bowden et al. 1993; Lee et al. 2003; Li et al. 2004) . Although the aboveground biomass in our primary forest exceeded that in the secondary forest, there was no significant difference in the root biomass between the two forest types because of the high biomass of fine roots from the high richness of herbs and shrubs in the understory of the secondary forest (Table 1) . Schlesinger (1977) found that the root respiration accounted for 30-70% of the total soil respiration, and some studies in tropical forest have also demonstrated that the proportion of root respiration in total soil respiration was more than 40% (Lamade et al. 1996; Malhi et al. 1999) , suggesting that the contribution of root respiration was relatively low in tropical mountain rain forest in the Jianfengling Mountain. This might be the result of a lower root biomass in this forest (~2 Mg C ha −1 , Table 1 ). On the other hand, the contribution , respectively), which accounted for 22% and 11% of the total soil respiration efflux (Fig. 4 ). Higher Figure 3 : relationship between soil respiration rate and soil temperature or soil moisture in primary (red) and secondary (blue) forest. (a) total soil respiration rate vs. soil temperature, (b) total soil respiration rate vs. soil moisture, (c) non-litter soil respiration rate vs. soil temperature, (d) non-litter soil respiration rate vs. soil moisture, (e) non-root soil respiration rate vs. soil temperature, (f) non-root soil respiration rate vs. soil moisture. litter respiration is expected to respond to the higher aboveground biomass and higher litter production in a primary forest (Zhou et al. 2013a) . The difference in the litter respiration efflux between primary and secondary forest is the major reason for the higher annual total soil respiration efflux in primary forest than in secondary forest (Fig. 4) . Compared with previous researches, the contribution of litter respiration to total soil respiration in our study was higher than that in a Brazil transition tropical forest (16%, Valentini et al. 2008) , and lower than that in a Peru tropical mountain rain forest (37%, Zimmermann et al. 2009 ). The mineral soil respiration in both forest types is the main contributor of total soil respiration, which represented 40% and 44% proportion for the primary and the secondary forest, respectively. The sum of mineral soil respiration and litter respiration is the soil heterotrophic respiration, which represented 62% and 55% of total soil respiration, respectively (Fig. 4) . Although the soil organic C and nitrogen content was significantly different between the two forest types, there was no significant difference in mineral soil respiration. Adachi et al. (2006) found a spatial heterogeneity of soil respiration in tropical mountain rain forest, which was influenced by other soil properties (Nottingham et al. 2012) . This suggests that the mineral soil respiration was not only influenced by substrate quality and concentration (soil organic C and nitrogen content), but also affected by several other factors. Epron et al. (2004) indicated that the soil respiration rate was not affected by soil organic C concentration, but by the forest litter production in tropical forest in Congo, which supports our results. We found that the direct contribution to the heterotrophic respiration in the two forest types was mainly derived from the litter layer after dividing the heterotrophic respiration into litter respiration and mineral soil respiration.
Temperature sensitivity of soil respiration
The Q 10 value of the total soil respiration against soil temperature at 5 cm depth in the primary forest was 2.66, which is significantly higher than 2.34 in the secondary forest ( Fig. 3 and Table 2 ). These values were similar to previous results; e.g. Raich and Schlesinger (1992) reported the Q 10 value of global forest soil respiration is about 2.4. The previous studies on the Q 10 of soil respiration in tropical forests suggested a range of 1.2-6.9 (Bond-Lamberty and Thomson 2010; Zimmermann et al. 2009 ). Compared with the temperate forest and boreal forest, tropical forests are characterized with adequate supply of soil organic substrate, higher microbial activity, and more complex species composition, so a lower Q 10 value is expected (Zimmermann 2015) . The mountain rain forest was located at a high altitude (~900 m) in the Jianfengling Mountain, implying that the C storage in this forest is likely to suffer more disturbance under global warming because the Q 10 of soil respiration in a high-altitude tropical forest was higher than that in a low-altitude tropical forest (Zimmermann et al. 2015) . Furthermore, the higher Q 10 value in the primary forest suggests that global warming may have a larger impact on the soil C storage.
Previous studies have reported that the temperature sensitivity of wood debris decomposition and litter respiration was 4.0 and 3.1 (Nottingham et al. 2015; Salinas et al. 2011) , while organic matter decomposition in mineral soil was 2.3-4.9 (Zimmermann et al. 2012) . Harvard forest showed a decreased Q 10 value after removal of litter and root (Boone et al. 1998) . In the present study we demonstrated that Q 10 decreased significantly after litter removal and, in contrast, increased significantly after removal of the root (Table 2 ). This suggests that temperature sensitivity of litter respiration and root respiration differed from that of the total soil respiration; the litter respiration has a higher but the root respiration has a lower temperature sensitivity. This may be because the litter respiration mainly originates from microbial activities in the litter layer, which is more sensitive to temperature; while the root respiration represents the autotrophic respiration of vegetation, which is mainly affected by the root metabolic rates (Lee et al. 2003) . , respectively, in which 38% and 45% were from autotrophic respiration. The annual litter soil respiration efflux in primary forest was 349 ± 73 g C m −2 yr −1
, significantly higher than that in secondary forest. This is a major cause of the difference of total soil respiration efflux between the two forest types. In addition, the temperature sensitivity of total soil respiration in primary forest was higher than that in secondary forest; however, there was no significant difference in nonlitter soil respiration and non-root soil respiration between the two forest types. Climate change is causing the degeneration from primary forest to secondary forest in natural forests in tropical ecosystems (Pan et al. 2011) . Although the soil respiration shows a negative feedback to degeneration as the annual total efflux is lower in secondary forest than that in primary forest, this feedback is much lower than the positive feedback caused by the losses of aboveground biomass and the loss of C storage pools (Hu et al. 2016) . It is important to avoid this degeneration by managing forest sustainably and effectively protecting the natural forests to retain the C storage capability of tropical mountain rain forests in China.
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